Bimetallic cobalt Pacman complexes of octadentate Schiffbase calixpyrroles bind dioxygen as a 90:10 peroxo/superoxo mixture within the molecular cleft in a bridged Pauling mode and can act as catalysts for the reduction of dioxygen to water. catalysed by this mixture of compounds was investigated using cyclic voltammetry, rotating ring disk electrochemistry, and in acidified ferrocene solutions using UV-vis spectrophotometry, and although no formation of peroxide was seen, reaction rates were slow and with limited turnover. The deactivation of the catalyst material is thought to be due to a combination of the formation of stable hydroxy-bridged binuclear complexes, e.g. [Co 2 (OH)(L)] + , an example of which were characterised structurally, and that the catalytic resting point, the superoxo cation, is formed by a pathway independent to the major peroxo product. Collision 
Introduction
The oxygen reduction reaction (ORR) to water is a chemical redox reaction that is fundamental to the fuel cell technologies that underpin a low carbon, hydrogen-based economy. 1 In a polymer electrolyte fuel cell, a potential power source for zero-emission vehicles, this reaction is currently catalysed at platinum metal-based electrodes. However, the high cost of this precious metal and the high loading required for the electrode to function appropriately, the need for overpotentials to be applied, and the problems associated with electrode poisoning and degradation, necessitates the development and exploitation of new, non-precious metal catalysts to fully enable this technology.
2, 3
The most promising class of non-precious-metal oxygen reduction catalysts are derived from iron and cobalt complexes of N-donor ligands such as porphyrins, phthalocyanines, aza-macrocycles, and also from more simple combinations of metal, nitrogen and carbon sources. While materials derived directly from these metal complexes generally have limited use as ORR catalysts, pyrolysis at temperatures between 400 and 1000 o C results in materials containing M-N x surface species that can act as very active catalysts and that display similar characteristics to platinum. 3 More recently however, it was shown that a composite of cobalt cations and polypyrrole on a carbon support forms a cathodic electrode material that displays activity similar to platinum-based electrodes and remarkable stability. 4 Significantly, and unlike materials derived from MN 4 complexes, no sintering of this electrode was required to provide appreciable activity. Even so, surface analysis of this material by XANES and XAFS suggests that cobalt(II) cations are present at the electrode surface and that they are stabilised by coordinative bonding to N or O.
While the most promising non-platinum electrode materials to date have been developed using high temperature sintering or supported-metal methods, many of the fundamental mechanistic aspects of dioxygen reduction catalysis have been elucidated by extensive research into molecular transition metal dioxygen complexes. In particular, binuclear cobalt compounds of cofacial diporphyrins have been shown to manage successfully the multiple proton-coupled-electron-transfer (PCET) chemistry that operates during the fourelectron reduction of dioxygen to water, as opposed to the two-electron routes normally seen using mononuclear porphyrin complexes. 5, 6 This chemistry benefits from the use of prefabricated ligands, in this case cofacial diporphyrins, which control precisely the primary coordination spheres and the relative positioning of the two metals, and enables tuning of the reaction attributes through subtle modification of the ligand environment. For example, ligand modifications to form binucleating porphyrin-corrole, corrolecorrole, and porphyrin-'Hangman' ligands with rigid single-pillar backbones results in metal complexes that exhibit relevant PCET chemistry and that can act as ORR catalysts. 7, 8 As an alternative approach, we, 9, 10 and Sessler and coworkers, 11 have shown that mono-and binuclear complexes of the Schiff-base calixpyrrole macrocycles H 4 L (Chart 1) adopt rigid wedged structures that are reminiscent of those of cofacial, or Pacman, diporphyrins, albeit with much more geometrically-constrained architectures. Importantly, and in contrast to the porphyrinic analogues, these macrocyclic ligands are prepared straightforwardly in a modular manner, in high yield, and on a large scale (>30g) from inexpensive starting materials (pyrrole, ketone, aromatic diamine). 12 The peroxo was found to bridge the two cobalt(III) centres in a zigzag, Pauling bonding mode in the solid state, and so provides some insight into the dioxygen reduction chemistry exhibited by related binuclear cobalt complexes of cofacial diporphyrins. In the case of the latter porphyrinic compounds, the resting state of the catalytic reduction reaction is the superoxo cation [Co 2 (O 2 )(diporph)] + (where diporph is a cofacial, or Pacman diporphyrin ligand) in which the superoxo ligand has been shown by calculation to adopt either Griffith or Pauling bonding geometries between the two metals. 13, 14 In this contribution, we expand on our recently communicated dioxygen chemistry of [Co 2 (L)], in particular by assessing these materials as catalysts for dioxygen reduction, and presenting some insight into possible pitfalls in the catalytic process that operates using these catalysts.
Experimental Section
Air-sensitive metal complexation reactions were carried out using standard Schlenk line techniques or in a CDCl 3 ), trap-to-trap distilled, and freeze-pump-thaw degassed three times before use. All other solvents and reagents were used as received. 1 H NMR spectra were recorded using a Bruker ARX250 spectrometer operating at 250.13 MHz, with residual protic impurities serving as internal standard. Electrospray mass spectra were recorded using a Thermo-Finnigan LCQ Classic ion trap mass spectrometer. Solutions of [Co 2 (O 2 )(L)] at concentrations of 18μM or 9μM were prepared in laboratory grade acetonitrile (purchased from Fischer Scientific and used without further purification) and injected at a flow rate of between 5 -7 μL/min into the ion trap mass spectrometer via the external, atmospheric pressure electrospray ionisation (ESI) source held at a potential of 4.5kV. The resultant ions were transferred through a heated capillary (63˚C) and focussed through two octapole lenses prior to entering the quadrupole ion trap where ions are collisionally-cooled with helium buffer gas. UV/Vis spectra were recorded on a Perkin-Elmer Lambda 5 spectrophotometer and IR spectra on a Nicolet Avatar 320 FTIR spectrometer equipped with an ATR device or as Nujol mulls. Fluid solution EPR spectra were recorded at 300 K in THF using a Bruker EPX080 spectrometer and were simulated using the Bruker WINEPR SimFonia program. Magnetic susceptibilities were determined in solution using Evans' method, 16 and the data corrected for the diamagnetic contribution using Pascal's constants. XPS data were recorded by Ms Emily F. Smith of the University of Nottingham on solid samples mounted on adhesive tape using a Kratos AXIS ULTRA X-ray Photoelectron Spectroscopy instrument employing a monochromated Al-K  X-ray source (h = 1486.6 eV) and were processed using the . 18 The DFT geometry optimisations 
Results and Discussion

Synthesis and structures of the binuclear Co(II) macrocyclic complexes, [Co 2 (L)] and [Co 2 (py) 2 (L)]
The transamination reaction between the macrocycle H 4 L and two molar equivalents of the low coordinate for X-ray crystallography were grown from cold toluene, and the solid state structure is shown in Figure 1 , with crystal data and selected bond lengths and angles detailed in Tables 1 and 2 , respectively. Addition of pyridine to the crystallisation mixture results in the formation of dark red/black crystals of the pyridine adduct [Co 2 (py) 2 (L)], the structure of which was described by us earlier, 12 and is shown in Figure 1 for comparison. [Co 2 (L)] crystallizes in the triclinic space group P-1, with two crystallographically-independent molecules in the unit cell; reference will be made to only one molecules as there are no significant differences between Comparison of the structure of [Co 2 (L)] to its doubly-solvated analogue (see Table 2 for geometric parameters) shows that both the average Co-N(imino) and Co-N(pyrrole) bond distances are longer in the latter, which is presumably a consequence of the expanded coordination sphere of the metal centre.
Coordination of pyridine within the cleft also forces the macrocycle to adopt a more symmetric structure in which the twist angle in the pyridine adduct is decreased from 31. is unoccupied. 24 In both of these cases, one cobalt centre is octahedral with one of the axial pyridines bound within the binuclear cleft; even so, and unlike in [Co 2 (exo-py)(endo-py)(L)], the wide ranging vertical expansion available to the porphyrinic ligand systems still results in near linear N(py)-Co-N(py) angles.
Synthesis and structures of dioxygen complexes [Co 2 (O 2 )(py) 2 (L)] and [Co 2 (O 2 )(MeCN) 2 (L)]
The Figure S1 for X-ray crystal structure). In our previous communication, 12 the X-ray structure of [Co 2 (O 2 )(py) 2 (L)] was described, and showed that the dioxygen bridged the two Co centres within the macrocyclic cleft in a zigzag Pauling bonding mode ( Figure   2 25 For these latter compounds, it was also shown that it is possible to differentiate between superoxo and peroxo through analysis of the O 1s binding energies, which vary by ca. 1.0 eV, but, unfortunately, in our case, we were unable to deconvolute the peroxo O 1s peak from background signals.
The sensitive nature of the binuclear complex [Co 2 (L)] to aerobic oxidation was highlighted during attempts to crystallise it from cold (-30 o C) MeCN under N 2 , which resulted in the formation of dark red prisms; the Xray crystal structure was determined ( Figure 2 ) and crystal data are detailed in Table 1 and selected bond lengths and angles in 
Dioxygen reduction catalysis
The significance of non-platinum metal catalysts for the reduction of dioxygen led us to evaluate the efficacy Figure S6) ; re-polishing the electrode returns the electrochemical activity briefly before coating reoccurs.
In related cofacial diporphyrin chemistry, Le Mest, Saillard and co-workers have described the solution electrochemistry of a series of dicobalt cofacial and Pacman diporphyrin complexes in the presence of O 2 . Figure 4) ; 27 no ring current was detected in any experiments. It is therefore clear that the catalyst either does not adhere to the EPG disk or becomes inactive after a single cycle, as seen in the above CV experiments. Similar effects were observed during RRD electrochemical experiments of binuclear cofacial diporphyrins in which gradual catalyst deactivation occurred and necessitated recoating or complete repolishing and coating of the EPG disk. 28 In this case, it was thought that the catalyst became deactivated through chemical attack by superoxide or peroxide, rather than acid leaching of the chelated metal cation. In order to overcome a possible lack of adherence, attempts were made to graft the catalyst to the surface of the EPG electrode using mixtures of [Co 2 (L)] and poly(vinylpyridine), Nafion, or methylcellulose. In each case, a similar reduction wave was observed initially that disappeared while regenerating the electrochemical diffusion layer for a new cycle, which suggests that a redox inactive complex is being formed during the catalytic cycle. Fukuzumi, Guilard, and co-workers reported recently a solution method for determining the extent and products of catalytic dioxygen reduction using Cp 2 Fe as the electron source in HClO 4 -acidified, air-saturated benzonitrile. 17 In this method, the oxygen reduction reaction is assessed by monitoring the production of the Figure S7 ). This suggests that little or no peroxide is formed during the cobalt-catalysed reaction, and that therefore, in a similar manner to some of the porphyrinic analogues, the 4-electron reduction of O 2 to water is the predominant process. Even 30 Also, in the porphyrinic systems, it has been determined that the basicity of the superoxo (or alternatively, the hyperoxo) 14 complex dictates the mode of catalysis, in that initial protonation of the superoxo complex promotes a 4-electron reduction pathway to water, whereas rapid electron transfer first generates a transient peroxo complex which results in the 2-electron route being preferred. 13 In our case, we can best consider that the minor ( 
Mass spectrometry
Electrospray ionisation mass spectrometry and collision induced dissociation studies were used to explore the structure and fragmentation pathways of [
+ in the gas-phase. In previous electrospray ionisation studies on these complexes, we had not been able to stabilise the dioxygen compound, and instead popular tandem mass spectrometry method by which a particular ion type is activated through collisions with a buffer gas, in this case, helium. 31 The detected products are a result of dissociation pathways including neutral ligand loss and hetero-and homolytic bond cleavage, as well as the possibility of charge transfer processes for multiply-charged ions. The quadrupole ion trap mass spectrometer used in this study enables the selective trapping and collisional-cooling of a mass-selected ion to produce a mass-normalised collision energy (NCE). 32 As such, by recording CID spectra at increasing NCE, the extent of the activation of Figure 8 with crystal data and selected bond lengths and angles detailed in Tables 1   and 2 , respectively. 
Isolation and structural characterisation of single O-atom bridged complexes
